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EVALUATION OF MASS TRANSFER RATE IN COLUMN OF 
SMALL LiLSX PARTICLES 
 
MIHIRKUMAR S. PATEL 
ABSTRACT 
 
Air separation using zeolite based adsorption processes is a widely-
studied topic.  Proper process modeling is a key requirement to simulate the 
process. Conventional process modeling for air separation is designed for 
large scale adsorption processes using a long cycle time. However, advanced 
technology now permits to use of a short cycle time using small particles, 
which significantly reduces the size of the process. 
Traditional process models were mostly developed for large particles 
(dp > 1.5 mm). Typically, it is safely assumed that intra particle diffusion 
controls the rate of the process while axial dispersion has a much smaller 
effect. This is a safe assumption since a long diffusional path exists inside the 
large particles. The diffusional path inside the small particles (dp> 0.5 mm) is 
reduced significantly. In addition, smaller particle size increases specific 
particle surface area which reduces the effect of film resistance. Hence, effect 
of axial dispersion is more significant for process modeling with small 
particles. 
     The primary objective of this thesis is to determine the impact of external 
diffusion to the particles in the process. In this study, breakthrough 
experiments are utilized to understand the behavior of mass transfer in small 
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particles.  Mass transfer zone length is measured from breakthrough 
experiments at different velocities and pressures to identify the effect of axial 
dispersion in small particles. 
This thesis demonstrates two important parameters 𝛾"	&	𝛾% that 
utilized in determining extent of axial dispersion.  𝛾" depends on the level of 
adsorbent-adsorbate interaction and 𝛾% represents the level of eddy diffusion 
in the process. Typical value of 0.7 and 0.5 are assumed for 𝛾" and 𝛾% 
respectively for large particles. In this study, 𝛾" and 𝛾% are evaluated 
experimentally using mass transfer zone curve for small particles are 13 and 
9 respectively. Comparison between parameter values for large and small 
particles is varies significantly, which ultimately make difference in 
magnitude of the axial dispersion coefficient. Hence, it is essential to account 
for proper values of 𝛾"	and	𝛾% while designing process model for small 
particles. 
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CHAPTER I 
INTRODUCTION 
 
 
This section provides basic idea of adsorption, types of adsorption and how it 
works. This chapter also explains important aspects involved in adsorption 
such as zeolite and its applications. Later, a brief description on adsorption 
kinetics involving rate mechanism is discussed and breakthrough concept is 
introduced which is focus of this study. 
 
1.1 Adsorption 
The phenomenon of attracting and retaining the molecules of a 
substance on the surface of a liquid or a solid resulting in a higher 
concentration of the molecules on the surface is called adsorption. The 
substance adsorbed on the surface is termed as ‘adsorbate’ and the substance 
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on which it is adsorbed is called ‘adsorbent’. Release of the adsorbed 
substance from the surface is called desorption. 
1.2 Adsorption Fundamental 
Adsorption is a separation technique which uses a solid to adsorb a 
solute. (Wankat P. C., Rate-controlled separations, 1990). Forces of attraction 
occur between adsorbate and adsorbent. “These attraction forces can be due 
to van der Waals forces which are weak forces of attraction or due to chemical 
bond which are strong forces of attraction”. Adsorption can be characterized 
into two types using type of attraction forces between adsorbate and 
adsorbent: Physical Adsorption or Chemical Adsorption.  
Physical adsorption occurs when the inter-molecular attractive forces 
between molecules of the solid adsorbent and gaseous adsorbate are greater 
than the molecules of the gas itself. In result, the adsorption is exothermic 
and accompanied by the release of heat (Physisorption vs. Chemisorption, 
2011). 
Chemical adsorption occurs through formation of chemical bonds 
between the adsorbate and adsorbent. Also, heat of reaction is much larger 
than the heat of condensation. Physical adsorption can form multi-layer and 
easily reversible. Chemisorption forms single layer on the surface of solid due 
to a chemical bond between adsorbate and adsorbent. Chemisorption is 
irreversible at constant temperature. This study is focused only on physical 
adsorption. 
  3 
The strength required in physical adsorption incorporates both van der 
Waals forces and electrostatic interaction including polarization, dipole and 
quadrupole moments. Although, electrostatic interaction varies upon 
adsorbate dipolar molecule and increase the heat of adsorption. These forces 
result from the interaction between temporary dipoles in the molecule in 
response to the electrical field of the atoms in its immediate entity. The forces 
become repulsive rapidly as radial distance decreases and quickly overweighs 
the attractive forces as the atoms are forced into the same place. Adsorption 
occurs when attractive and repulsive forces experienced by adsorbate come to 
an equilibrium (Concepts, 2013). Inside the adsorbent, the forces acting 
between the particle are mutually balanced but on the surfaces, particles are 
not surrounded by atoms or molecules of their kind from all sides and hence 
they pose attraction forces so that gas particle stick to the surface of 
adsorbent. The extent of adsorption increases with an increase in surface 
area per unit mass of the adsorbent at a given temperature and pressure. 
Adsorbate lost one degree of freedom as it held on the surface of adsorbent 
hence entropy decreases. An adsorption process occurs when Gibbs free 
energy (DG) is negative. It is possible only when, DS (entropy) keeps on 
decreasing and TDS keeps on increasing till ultimately DH (enthalpy) become 
equal. ∆𝐺 = 	∆𝐻 − 𝑇∆𝑆                                           (1.1) 
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The variation in the measure of gas adsorbed by the adsorbent with pressure 
at constant temperature is expressed as adsorption isotherm shown in Figure 
1.1. 
1.3 Zeolites 
 
  Zeolites are crystalline solid structures made of silicon, aluminum and 
oxygen that form a framework with cavities and channels inside where 
cations or small molecules may reside. They are often also referred as 
molecular sieves. Many of them occur naturally as minerals. However, most 
industrial zeolites are synthesized, some of them made for commercial use 
while others created by scientists to study their chemistry. 
 
Figure 1.1 Binary adsorption isotherms for nitrogen and 
oxygen at room temperature and air composition 
 
More than 150 synthetic zeolite types are known (Barry Crittenden, 1998). Of 
the 40 or so natural zeolites commercially significant are chabazite, faujasite 
and mordenite. 
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1.3.1 Zeolite Composition & Structure  
 
Zeolites are porous crystalline aluminosilicates which comprise 
assemblies of silica and alumina tetrahydra joined together through the 
sharing of oxygen atoms. The general stoichiometric formula for a zeolite is 
given below (Wankat P. C., 2016). 
Mx/m [ (AlO2)x (SiO2)y ]: z H2O 
 M is the metal cation with valence m, z is the moles of water molecules in 
each unit cell, and x and y are integers such that y/x is always greater than 1. 
The ratio of oxygen atoms to combined aluminum and silicon atoms is always 
equal to 2, therefore each aluminum atom introduces a negative charge of one 
(-1) on the zeolite structure which is balanced by that of an exchangeable 
cation. Three pore size regime are classified by IUPAC (D. M. Ruthven, 
1994). 
 
 
 
 
Macropores are larger than typical mean free path length of typical 
fluid. Mesopores have same order or smaller than the mean free path length. 
Micropores have pore size comparable to the molecules. Zeolites are porous in 
nature, which provide large surface area compared to the external surface. 
Macropore Larger than 50 nm 
Mesopore between 2 and 50 nm 
Micropore smaller than 2 nm 
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Large surface area allows high adsorption capacity. Pore size and shape are 
two important factors that control adsorption characteristic of zeolites. 
In crystal form, zeolites are different from other adsorbents those are 
amorphous, there is no distribution of pore size in zeolite. The adsorbate 
molecules can or cannot enter in this precisely uniform lattice. For this 
reason, zeolites are able to separate molecule efficiently on the basis of size. 
In addition, changes to the cationic structure by difference in the Si/Al 
proportion and cation type change the electrostatic field effecting adsorption, 
thus zeolites with widely distinct adsorptive properties may be tailored by the 
suitable choice of framework structure, cationic form and Si/Al ratio in order 
to achieve the selectivity required for a given separation. 
Most zeolites have a high affinity for water and other polar molecules 
such as carbon dioxide and hydrogen sulfide because of their ionic nature. 
However, as the Si/Al ratio is increased the material becomes more 
hydrophobic. Hydrophilic to hydrophobic ordinarily happens when Si/Al 
proportion of between 8 to 10, such “homogeneous” zeolites can be used in the 
removal of volatile organic compounds from the air.  
The Si/Al proportion is the thing that separates type X and Y zeolites 
as type X zeolite have a proportion somewhere around 1to 1.5, while type Y 
zeolite have a proportion somewhere above 1.5 (Lutz, 2014). A lower Si/Al 
proportion gives a higher cation exchange capacity and enhances the zeolites 
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capacity to adsorb polar atoms. Zeolite X has optimum in composition, pore 
volume, and channel structure and nearly "saturated" in aluminum in the 
framework composition with a molar ratio of silicon to aluminum 
approximately one, which is considered as highest aluminum content possible 
in tetrahedral aluminosilicate frameworks. As a consequence, it contains the 
maximum number of cation exchange sites. This compositional characteristic 
combined due to exposed cationic charges reside in an aluminosilicate 
structure give them the highly heterogeneous surface known among the 
porous materials (Peskov, 2008). Zeolite X surface is highly selective for 
water, polar and polarizable molecules which serves as the support for many 
purposes, particularly in drying and purification. The tetrahedral aluminum 
positions in the zeolite structure provide a site of instability for attack by acid 
and stream that make synthetic zeolite X less stable than their natural 
analogs, which have high stability characteristics reflecting higher silicon to 
aluminum ratio of 3 to 5. Zeolites with higher silicon content are needed, 
primarily to improve stability after thermal and acid exposure.  
Another commercially important molecular sieve zeolite is type Y, with 
a silicon to aluminum ratio between 1.5 and 3, and a structure like that of 
zeolites X and the rare natural mineral faujasite. Y zeolites based are 
valuable in numerous important catalytic applications.  
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Cation exchange properties of aluminosilicate zeolites is another 
significant aspect exploited in applications. Cation exchange capacity caused 
by the isomorphous positioning of aluminum in tetrahedral coordination 
within their silicon structure. This imposes a net negative charge of the 
framework (Si+4 → Al3+) balanced by cations held in the cavities and 
channels. Ionic character of bonding within interstitial cations and the 
structure provide a facile cation exchange for zeolites, where cations easily 
exchanged for other cations, despite the fact that, in some of the narrow-
pored frameworks, such as natrolite, cation substitute is difficult and slow. 
Cation exchange is widely used in water softening, where metals such as Na+ 
or K+ in zeolite framework are replaced by Ca2+ and Mg2+ ions from water 
(Karmen Margeta, 2013). Number of commercial washing powders contain 
significant amounts of zeolites to enhance washing efficiency.  
1.4 Adsorption kinetics 
The rate of adsorption is governed by the rate of arrival of molecules at 
the surface and the proportion of incident molecules which undergo 
adsorption and diffusion through the pores of the solid structure. A large 
fraction of adsorption processes takes place in fixed beds. Bed goes through 
desorption after it fully saturated with gas molecules. Desorption is release of 
molecules from the surface by altering equilibrium conditions.  
Once the bed is fully saturated, there are two classical methods for 
analyzing fixed-bed transitions. First, local equilibrium theory. In this, all 
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mass-transfer resistances are ignored to focus on the often dominating role of 
adsorption equilibrium. Second, results of constant pattern analysis. This 
focus on the maximum breadth to which a mass-transfer zone will spread in 
an infinitely long bed drive to various rate mechanisms. The equilibrium 
capacity of the saturated column is a function of the material used and the 
temperature at which it is operated, the dynamic capacity is also depends on 
the operating conditions, such as inlet concentration and fluid flow rate. The 
zone of the bed where adsorption (or desorption) is actively occurring and 
cause a concentration change in moving fluid is called the mass-transfer zone 
(MTZ). Dynamic adsorption results are expressed in terms of the dynamic 
capacity, or breakthrough capacity at given inlet concentration, temperature 
and flow-rate conditions of the bed, together with the bed dimensions. It is 
important that the column should be as long as the mass transfer-zone 
length. Therefore, it is essential to have knowledge about the depth of this 
mass-transfer zone (Cheremisinoff, 2000). Factors that play important roles 
in dynamic adsorption are the length and shape of the MTZ which depends 
on many factors such as the particle size of an adsorbent, the gas velocity, the 
temperature of the gas stream, thermodynamics fundamentals and kinetic 
characteristics of the system. 
Fixed-bed adsorption is a transient process. The amount of material 
adsorbed within a bed depends on position and time. As fluid comes in 
contact with the bed, it begins to interact with the first few layers of 
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adsorbent (Price, Adsorption, 2003). Solute adsorbs and filling up some of the 
available sites. After a while, the adsorbent close to the entrance is saturated 
and the fluid infiltrate further into the bed (Pavel Lestinsky, 2015). Thus, the 
active zone travel down through the bed as time go. The breakthrough occurs 
when the concentration of the fluid leaving the bed start to increase as un-
adsorbed solute begins to emerge from the bed. The time versus composition 
trend at the exit of the bed subjected to a step change inlet composition is 
called breakthrough curve. The breakthrough curve is a manifestation of the 
MTZ exiting the packed bed. Typically, the shape of the mass transfer zone 
depends on the adsorption isotherm, flow rate, and the diffusion 
characteristics. The front wave shape change as it passes through the bed. 
Hence, the mass transfer zone may broaden or diminish (Price, Adsorption, 
2003). The response with favorable isotherms may broaden at first, but 
quickly achieve a constant pattern front, an asymptotic shape. "Favorable" 
isotherms permit higher solid loadings at lower solution concentrations. 
These tend to start out steep and level out. On the other hand, The MTZ for 
unfavorable and linear isotherms tend to broaden as it travels down in the 
column. Adsorption isotherm is illustrated in Figure 1.2. 
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Figure 1.2 Isotherm shapes in determining the sharpness of 
concentration wave fronts (A) Linear (B) Favorable (C) 
Unfavorable (D) Irreversible. q*=equilibrium amount 
adsorbed, c=concentration of adsorbate in gas phase 
 
The fact that the breakthrough curve is S-shaped is evidence of 
resistance to mass transfer. Greater the resistance longer is the wave. As the 
mass transfer resistance decreases by keeping flow velocity same, the MTZ 
become shorter and sharper. Ultimately, in ideal case of infinitely fast mass 
transfer, the MTZ becomes a vertical shock wave. An adsorbed column with 
vertical wave front is comprised of 1) an equilibrium zone and 2) a completely 
fresh shock wave zone. 
  Breakthrough under ideal conditions with a shock wave, the 
concentration of the adsorbate in the effluent would change instantaneously 
from Co (initial) to Ce (equilibrium) and the entire bed would be loaded to 
equilibrium capacity at that instant. Mass transfer waves are analyzed in 
reference to an equivalent to ideal vertical wave. Consider the geometry of 
transfer wave in Figure 1.3.  The area under the curve represent used  
  12 
 
Figure 1.3 Mass transfer zone inside a column representing 
c=f(z) (Barry Crittenden, 1998) 
 
       Figure 1.4 Column breakthrough curve representing 
 c=f(t) (Barry Crittenden, 1998)  
adsorbent and area above the curve is unused adsorbent. Figure 1.4 
illustrates geometric conditions are reversed and represent a breakthrough 
curve as function of time. Area below the curve is unused portion of the bed 
and area above the curve is used bed. Thus, the ratio of the area above the 
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curve and total area is the fraction of used adsorbent in the mass transfer 
zone. 
1.5 Applications of zeolites 
There are three main uses for zeolites in the industry as, 1) in gas 
separation, 2) as catalyst support, 3) as ion exchange media. Separation is 
main subject of this thesis. Other two major applications are briefly described 
in this section.  
The porous structure of zeolites can be used as "sieve" molecules 
having certain dimensions and allow guest molecules to enter the pores. This 
property can be fine-tuned by varying the structure and by changing the size 
and number of cations around the pores. Zeolites are useful as catalysts in 
reactions including organic molecules (Zeolites Applications , 2006). The most 
important are cracking, isomerization and hydrocarbon synthesis. The 
reactions can take place within the pores of the zeolite, which allows a 
greater degree of product control.  
Zeolites are used in exchange processes. Hydrated cations that are 
present in the zeolite pores are loosely bounded to the zeolite framework and 
they are easily exchangeable with other cations in aqueous media.  
Applications of this can be seen in water softening devices. Large 
number of zeolites are used in detergent and soaps as ion-exchange agents. It 
is even possible to remove radioactive ions from contaminated water using 
zeolites.  
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Zeolites are also known to work as an insecticide. High ion exchange 
capacities in zeolites make them effective carriers of herbicides, pesticides, 
and fungicides (Workshop, 1985).  
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CHAPTER II 
THEORY 
 
 
The purpose of this chapter is to introduce different descriptions of the mass transfer 
mechanisms within the adsorbent particle after that equilibrium model is described which 
provides the driving force for mass transfer. The adsorption involves various diffusional 
mechanisms involving film, macropore and micropore that causes mass transfer resistances.  
This chapter describes the dependency of mass transfer on these resistances and accounts for 
internal and external factors that affect the process under various conditions while working 
with small particles.  
 
2.1 Equilibrium model 
The model used in this study is Dual-Site Langmuir (DSL) model 
which is given as follows (Paul M. Mathias, 1996):  𝑞 = OPQ8@"R8S + OPU9@"R9@   (2.1) 
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Where 𝑞78	and b are the saturation capacity and equilibrium constant respectively for 
Type I sites (exchangeable ions sites) and 𝑞79 	and d are the same parameters for type II 
sites.  DSL model is described for pure components and nitrogen/oxygen mixture on 5A 
zeolite by Mathias et al.1, Li-X zeolite used in this study is a close match to zeolite 5A 
hence expected to describe the equilibrium characteristic closely. 
2.2 Mass Transfer Zone (MTZ) 
Adsorption inside the packed bed does not occur throughout bed length 
during operation time. Adsorption actively occurs in a limited portion of the 
bed is called mass transfer zone (MTZ), where gas composition changes and 
thus, mass transfer occurs (Wankat P. C., Rate-controlled separations, 1990). 
The Mass transfer zone starts at inlet, moves along the  bed length and exits 
at the end of the bed as time proceeds. The gas concentration varies from zero 
ahead of MTZ to saturation at feed conditions behind the MTZ. As the 
adsorbent reaches equilibrium capacity (i.e., saturated with adsorbate), the 
MTZ passes further through the bed. Hence, the saturated zeolite bed is 
behind the mass transfer zone and the section of fresh zeolite is in front of the 
leading edge of the MTZ. When the front wave reaches the exit or breakpoint, 
the breakthrough occurs. The mass transfer zone and corresponding 
breakthrough curve is illustrated in Figure 2.1. 
Length and velocity of the MTZ are two important factors for 
adsorption bed design.  Minimizing the length of the dynamic MTZ increases 
the dynamic capacity of the bed. Mass transfer resistances spread the MTZ 
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due to dispersion and intraparticle diffusion. Therefore, it is essential to 
identify the effects of diffusion and dispersion in adsorption bed design. 
2.3 Mass Transfer Zone Stages and Resistances 
Adsorption involves different mechanisms, these include 1.) Diffusion 
of adsorbent onto the adsorbate particle occurs before it gets adsorbed into 
macropore or micropore and 2.) The adsorbate molecule initially passes 
through the external film as each particle is surrounded by film and then 3) it 
diffuses through porous structure of the adsorbent particle which includes 
the macropore and micropore, as illustrated in Figure 2.2 As the adsorbate 
travels through the film and porous structure, there are three mass transfer 
resistances responsible for mass transfer process. These three resistances are 
external fluid film resistance, macropore resistance and micropore resistance. 
Macropore and micropore resistances are termed as intraparticle diffusional 
resistances. 
Initially, the adsorbate molecules must cross the external film 
surrounding each adsorbent particle and then diffuse through and along the 
porous structure of the adsorbent. Depending on the specific system and the 
conditions, one or more of the three different types of potential mass transfer 
resistances are dominant or rate controlling step. 
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Figure 2.1 Mass transfer zone movement and the 
corresponding breakthrough curve (Rensselaer Polytechnic 
Institute) 
 
2.3.1 External fluid film resistance 
 
External fluid film mass transfer is explained using a concentration 
gradient across the boundary layer around each adsorbent particle. It is 
strongly affected by the hydrodynamic conditions outside the particles 
(LeVan, 1999). Mass transfer resistance between the mobile gaseous bulk 
phase and the stationary adsorbent particle is confined to external film 
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surface around the adsorbent particle. The mass transfer rate around the 
external film must be equal to diffusive flux at the adsorbent surface at 
steady state conditions (S. Farooq, 2002).  
 
Figure 2.2 Schematic diagram of adsorbent particle showing 
various resistances (Shafeeyan, 2015) 
By assuming no accumulation of adsorbate gas, the film transfer and 
macropore diffusion can be considered as sequential steps. It can be 
expressed as following by applying mass conservation. 
VOVF = 𝑘W𝑎 𝑐 − 𝑐∗ = [\]^_ 𝑐 − 𝑐∗    (2.2) 
where kf is the external film mass transfer coefficient, a is external surface 
area per unit volume, 𝑞 is adsorbed phase concentration averaged over a 
particle. Rp is macroparticle radius. 
The external film mass transfer coefficient (kf) around the adsorbate 
particle can be estimated using Sherwood number, similar to a Nusselt 
number in a heat transfer study. A simple study on conditions involving heat 
transfer on isolated particles surrounded by the stagnant film concluded that 
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the limiting value of a Nusselt number for low Reynolds number flow is 2.0. A 
Similar concept can be applied to the Sherwood number at low Reynolds 
numbers. Convective effects can be increased by increasing velocity. At 
higher Reynolds number, convective effects must be taken into consideration 
for Sherwood correlations (N. Wakao, 1978). 𝑆ℎ = %\]^abc = 2 + 1.1𝑆𝑐"/[𝑅𝑒h.i                                     (2.3) 
Above correlation is derived using mass transfer rate of free falling 
solid spheres and it is widely applicable for packed columns. In general, 
intraparticle resistance is much higher compared to external film resistance. 
Hence, most of the studies assume models with negligible external film 
resistance. 
2.3.2 Macropore Diffusional Resistance 
 
 
Diffusion in relatively large pore diameters such that the diffusing 
molecules slip out from the force field of the adsorbent surface is referred as a 
macropore diffusion. Macropore transport occurs by different mechanisms 
and depends upon the relative magnitude of the free path of the adsorbate 
molecules (J. Karger, 1992). Knudsen diffusion controls the transport 
mechanism in small pore diameter at low pressure and the mass transfer 
occurs from collision between diffusing molecules and the pore wall since the 
mean free path is much greater than the pore diameter. The Knudsen 
diffusivity of the species “i” can be estimated using following Equation (2.4). 
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𝐷\+ = 9700𝑅@ mn    (2.4) 
Where, Dki is Knudsen diffusivity (J. Karger, 1992), rp is mean macropore 
radius in cm, T is temperature in K and M is molecular weight of the 
adsorbent species. Dki is independent of pressure and relatively small 
dependence on temperature. 
On the other hand, if pore diameter is larger than mean free path, the 
transport mechanism is controlled by bulk molecular diffusion and can be 
approximated using a Chapman-Enskog equation for a binary system (R. B. 
Bird, 2002). In general, molecular diffusivity mainly occurs through collisions 
between diffusing molecules. For moderate case, considering significance of 
both mechanisms is a fair estimation. The combined effective macropore 
diffusivity can be estimated using Bosanquet equation (C. A. Grande, 2008). 
"b_o = 𝜏 "bpo + "bco      (2.5) 
Where Dpi is effective macropore diffusivity and 𝜏 is the pore tortuosity factor. 
Macropore diffusion occurs inside the fluid filled pores. In this instance, mass 
balance for species i over a spherical shell element or particle can be 
represented using following Equation (2.6) (H. Qinglin, 2003a). 
Vq_oVF + "rℰ_ℰ_ VOsVF = "^t VV^ 𝑅%𝐷@+ Vq_oV^   (2.6) 
Above equation can be used to estimate gas composition entering 
macropore volume at each radial position. In Equation (2.6), 𝑞u is average 
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adsorbed composition of species “i” in micropore, which is similar to 
adsorbate flux on the micropore mouth.  
2.3.3 Micropore diffusional resistance 
 
When the micropore diameter is almost equivalent to the molecular 
diameter, the adsorbing molecule is trapped and never escapes from the force 
field of the solid pore. In this mechanism, transport occurring is an activated 
process and involves jumps between sites, known as micropore diffusion 
(Ruthven, 1984).  Micropore may occur by three mechanisms: distributed 
micropore interior resistance, barrier resistance at the mouth of micropore, 
and the combined effect of interior and barrier resistances. The micropore 
mass transfer rate for the two mechanisms can be described using following 
Equation (2.7) and (2.8). 
VOoVF = [^v 𝐷,+ VOoVw |(F,^v)		}	𝑊ℎ𝑒𝑛	𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑	𝑖𝑛𝑡𝑒𝑟𝑖𝑜𝑟	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑖𝑠	𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡. (2.7) VOoVF = 𝑘8+ 𝑞+∗ − 𝑞+ 									}	𝑊ℎ𝑒𝑛	𝑏𝑎𝑟𝑟𝑖𝑒𝑟	𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑖𝑠	𝑑𝑜𝑚𝑖𝑛𝑎𝑛𝑡. (2.8) 
where, 𝑞+ is micropore distributed adsorbate concentration. 𝐷,+ is micropore 
diffusivity, r is distance along the micropore radius and 𝑅q is microporous 
radius. The system studied here is not expected to include pore mouth 
resistance, hence Equation (2.7) is applicable. 
Micropore diffusivity strongly depends on concentration which can be 
expressed using Darkens equation. 𝐷,+ = 𝐷,+4 9 (@o)9 (Oo) |m   (2.9) 
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where 𝐷,+4 is micropore diffusivity of ith component in infinite dilution and 𝑝+ 
is partial pressure of component i, which is in equilibrium with the adsorbed 
composition. 
2.4 Mass Transfer Rate 
In general, for zeolite particles with a clay binder, overall mass 
transfer coefficient (MTC) includes the effects of micropore, macropore and 
film resistances (Ruthven, 1984). Constant overall MTC is based on these 
three resistance can be approximated which is a common practice in 
calculating the mass transfer coefficient when the particle resistance 
dominates.  𝑘+ = [\]^_ + "_b_o^_t + "\bv^vt    (2.10) 
where first term is film resistance, second term is macropore resistance and 
third term is micropore resistance. This linear combination of resistances is 
strictly correct for only linear isotherm but it is used for also ‘non-linear’ 
isotherms. The sensitivity analysis is used to determine importance of the 
resistances, which suggested that macropore resistance is dominant in 
controlling overall MTC for most applications. By only considering macropore 
controlling mass transfer coefficient, Equation (2.10) can be reduced to 
Equation (2.11) 𝑘+ = "_b_o^_t     (2.11) 
Where ki is overall mass transfer coefficient, Rp is particle radius, Dpi is effective 
macropore diffusivity. 
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Reducing particle size increases the mass transfer coefficient can be verified using 
Equation (2.11). Also, smaller particles have a smaller particle radius i.e., it provides 
shorter diffusional path inside the particle and a larger surface area.  Recent advances in 
adsorbent production have further reduced the macropore resistance contribution through 
novel production techniques and use of different types of binders to facilitate macropore 
diffusion. Despite significantly decreasing the macropore resistance, the assumption of a 
pore diffusion limiting resistance is still commonly assumed in literature.  
2.5 Axial Dispersion in packed bed 
Axial mixing occurs in flow through packed bed, which reduces the 
efficiency of the process by increasing the length of MTZ. Langer et al. 
reviewed the effect of dispersion in packed beds and stated that small ratio of 
bed to particle diameter increases the effect of dispersion in a packed bed. 
Axial dispersion can be formulated using axially dispersed plug flow model 
(Equation 2.12). −𝐷 VtqVJt + VVJ (𝑣𝑐) + VqVF + "r VOVF = 0                                  (2.12) 
Where 𝐷 is axial dispersion coefficient, 𝜖 is bed porosity and  𝑞 is average 
amount adsorbed. 
Axial dispersion occurs through two mechanisms, 1) molecular 
diffusion, 2) turbulent mixing occurring due to back mixing around adsorbent 
particles, i.e. eddy currents. 
 Generally, the combined effect of molecular diffusion and turbulent 
mixing can be used to calculate the dispersion coefficient. 
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𝐷 = 𝛾"𝐷* + 𝛾%2𝑅@𝜐    (2.13) 
Where, DL is axial dispersion coefficient, Dm is molecular diffusivity, Rp is 
particle radius, 𝜐 is interstitial velocity, 𝛾" and 𝛾% are constants which 
normally have value of about 0.7 and 0.5 respectively (N. Wakao, 1978).  
Dispersion coefficient can also be expressed in the form of Peclet number. 
"SD = b%^_ = 𝛾" bc%^_ + 𝛾% = ^Dq + 𝛾%   (2.14) 
By assuming bed as a combination of randomly oriented cylindrical 
pores, the suggested value of 𝛾"	is "% which provides a good estimation for the 
value derived from experimental data of dispersion measurement for gaseous 
system at low Reynolds number using large particles. Wicke suggested that 
voidage and bed tortuosity factor should also be included in 𝛾" (E.Wicke, 
1957). 𝛾" = 0.45 + 0.55𝜖     (2.15) 
Generally, bed porosity is in range of 0.35-0.4, which gives 𝛾" value in range 
of 0.64- 0.67.  
The second term in Equation (2.13) accounts for turbulent mixing and 
the value of 𝛾% depends on the inverse of the limiting peclet number. By 
assuming bed as a series of mixing chambers, differentiation on average by 
mean particle diameter gives 𝛾% ≈ 0.5 or  "SD = "t = 2, where 𝑃𝑒43  is limiting 
value of peclet number in fully turbulent region or at high Reynolds number. 𝑃𝑒43  value does not reach maximum value of 2.0 at intermediate or low 
Reynolds number, in fact the value is smaller than maximum value of 2.0 
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which indicates dispersion coefficients are much higher for low Reynolds 
number. Study with small adsorbing particles on limiting peclet number is 
shown in Figure 2.3. 
 
Figure 2.3 limiting Peclet number with particle dia. for flow 
through packed bed1 
 
For large particles (𝑅@ > 1.5	𝑚𝑚) the value of the limiting peclet is 2.0. 
For smaller particles (𝑅@ < 1.5	𝑚𝑚), study show very small value of limiting 
peclet number. There is no clear relation between bed to particle diameter 
ratio or dispersion for smaller particles, but limiting peclet number depends 
on absolute values of particle diameter as shown in Figure 2.3 and is 
approximated by Equation (2.16) (G. Langer, 1978).   𝑅@ < 0.15	𝑐𝑚						𝑃𝑒43 ≈ 3. .35𝑅@      (2.16) 
                                            
1 G. Langer, A. Roethe, K-P Roethe and D. Gelbin, Int. J. Heat and Mass Trans. 21, 751 (1978). 
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These measurements demonstrate that reducing particle size has the 
advantage of a low pore diffusional resistance. However, the axial dispersion 
substantially increases when the particle size is less than 0.3 cm. 
 2.6 Length of Mass Transfer zone and van Deemter model 
The efficiency of the column can be defined by the number of 
hypothetical well mixed equilibrium stages. The more number of stages 
provide higher degree of separation. Hence, number of equilibrium stages can 
be used as a tool to measure relative importance of the axial dispersion and 
mass transfer resistance in the system (M.J.P Martin, 1941). Estimation 
provided by the model of number of well mixed stages is same as continuous 
Equation (2.12). 
 
Figure 2.4 Hypothetical single equilibrium stage 
(Ruthven, 1984) 
Figure 2.4 shows single well mixed stage and the mass transfer in this single 
stage can be written by following Equation (2.17). 𝜖𝑢𝑐h = 𝜖𝑢𝑐 + 𝑉W 9q9F + 𝑉7 9O9F    (2.17) 
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Where 𝜖 is bed porosity, 𝑉W is volume of the fluid phase and 𝑉7 is volume of the 
solid phase, 𝑐h is the feed concentration of adsorbate.  By calculating transfer 
function for Equation (2.17) and replacing 𝐾 = O∗q   and N= I = CI%b, where N is 
the number of equivalent stages. 
 Equation (2.18) calculated from concept of the height of theoretical 
plate (HETP) concept and Van Laan’s theorem (Ruthven, 1984). 
𝐻𝐸𝑇𝑃 = t,t 𝐿 = 2 bC + 2𝑢 "r "\o  1 + ("r)  r%          (2.18) 
Simplifying HETP equation by combining Equations (2.13) and (2.18) 
gives an equation that is similar to van Deemter model shown below in 
Equation (2.19) (J J van Deemter, 1956).  𝐻𝐸𝑇𝑃 = 𝐴 + ¢C + 𝐶𝑢                                         (2.19) 																																𝐴 = 2𝛾%𝑅S, 𝐵 = 2𝛾"𝐷* and 𝐶 ≈ 	 %\o  "r  
The ‘A’ term is the contribution of eddy diffusion, which induces 
turbulent back-mixing in the column. The ‘B’ term is due to molecular 
diffusion, which occurs due to a concentration gradient in the axial direction. 
‘C’ term is due to contribution of internal particle resistances, it depends on 
effectiveness of mass transfer between adsorbent and adsorbate during the 
adsorption.  𝑅S is particle radius, 𝐷* is molecular diffusivity,	𝛾" depends on 
adsorbate-adsorbent interaction rate and 𝛾% is inverse of limiting peclet 
number.  
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HETP can be defined as the ratio of column length (L) to the number of 
plates (N). 
𝐻𝐸𝑇𝑃 = 𝐿𝑁																																																																		(2.20) 
 
The number of plates (N) required to achieve desired degree of separation 
will be constant, if velocity is constant in experiment (Wankat P. C., 1987). 
This assumption provides Equation (2.21) 
 𝐿*FJ𝐿 = 𝑁*FJ𝑁 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡																																													(2.21) 
 
Where, 𝐿*FJ is length of mass transfer zone and,  𝑁*FJ is the number of 
equilibrium stages in the MTZ.  This demonstrates the MTZ length is 
qualatively equivalent to HETP but not quantatively equal.  A plot of the 
MTZ length vs. gas velocity will have the same shape as HETP vs. gas 
velocity and can provide information on the importance of axial dispersion 
effects. This work was primarily concerned with providing an initial estimate 
on the importance of axial dispersion effects.  As such, MTZ length was not 
converted to HETP, however the van Deemter model was used for the data to 
provide initial estimates for mass transfer parameters and to demonstrate 
the applicability of the method for small particles.  However, the number of 
stages would need to be estimated through other methods to more accurately 
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determine the A, B, and C parameters in the van Deemter model.  This 
should be done as a continuation of this work in the future.  
Most adsorption processes use large particles and operates at high 
velocity, which causes process operation to occur in the linear portion of the 
van Deemter plot shown in Figure 2.5, where internal particle resistances are 
dominant.  
 
 
Figure 2.5 van Deemter plot showing dependence of MTZ on 
gas velocity (Lake, 2011) 
 
   
Small particles have shorter diffusional path inside the particles i.e., 
contribution of internal particle resistances decreases and effect of the C term 
in the van Deemter model becomes comparable to the other terms. Processes 
including small particles may operate in the minimum curve region in Figure 
2.5, where contribution of all three terms is significant. 
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However, the model is based on a linear system, it has been 
demonstrated to be applicable as a suitable engineering approximation for 
even moderately non-linear systems.  
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CHAPTER III 
EXPERIMENTAL SECTION 
 
 
This chapter describes in detail the experimental apparatus used to measure 
the breakthrough curves. It also provides a detailed account for the 1) material 
used, 2) preliminary experiments 3) experimental procedure with operating 
conditions. 
 
3.1 Materials used 
  
The material used in the present work is LiLSX zeolite. This belongs to 
X-type zeolite with Si/Al ratio close to 1.0 therefore it is called low silica X 
zeolite or LSX in short. This structure represents silicon and aluminum 
atoms located at vertex linked through oxygen bonds having 7.4 Å as free 
diameter, Figure 3.1 shows the typical x-type zeolite (Ruthven, 1984). The 
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aluminum ion is responsible for net negative charge on the structure which is 
neutralized with ionically bonded cations floating in the cavities around sites. 
Lithium ions occupy the cation sites manufactured by the ion-exchange 
method. This material is recognized as outstanding nitrogen adsorbent as it 
exhibits strong quadrupole moment-ion interactions with nitrogen compared 
to oxygen (Lee, 2003). Commercial molecular sieve zeolite crystals are quite 
small (around 1- 10 micrometer) and these crystals must be formed into 
macro porous pellet of suitable dimensions for practically useful adsorbent, 
Scanning Electron Micrograph of LiLSX pelletized adsorbents are shown in 
below Figures 3.2,3.3,3.4. 
 
Figure 3.1 Framework structure of X type zeolite, showing its 
characteristic cages and channels  (Ruthven, 1984) 
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 Figure 3.2 Scanning electron micrographs of LiLSX zeolite particles. 
 
 
  
 Figure 3.3 LiLSX Zeolite with crystalline structure inside the particle. 
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Figure 3.4 LiLSX zeolite particle diameter 
 
Three gases were used in this study; the purity of the gases are detailed as 
below. 
Gas Purity Grade Supplier 
Helium >99.997% 4.7 Matheson Gas 
Oxygen >99.99% 4.4 Matheson Gas 
Nitrogen >99.999% 5.0 Matheson Gas 
Table 3-1 Physical properties of gases 
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3.2 Experimental Apparatus 
 
Breakthrough experiments are useful to study the adsorption and diffusion 
at the particle scale. It is an important step in the development and verification 
of a dynamic model (Yang, 2013). Typical breakthrough experimental set-up 
consists of a mass flow controller to control the feed flow rate; pressure 
measuring and regulating devices; a mass flow meter to monitor the exit flow; 
valves to appropriately direct the flow; and an on-line detector to analyze the exit 
flow composition.  
Breakthrough system used to conduct the experiments in this thesis  
consists of hand type valves, flow controllers (MKS type M100B) and mass 
spectrometer (Hiden Analytical, HPR 20). The overall system itself is made up of 
1/8-inch stainless steel tubing and fitting that connect valves, flow controller and 
back pressure controller (Porter Instrumentation). The system is capable of 
collecting data for all flow rates, pressure, temperature and gas composition from 
an online mass spectrometer. The data is collected during the process using data 
acquisition software so that it can be systematically displayed on a computer 
screen and analyzed. 
3.2.1 Breakthrough system 
 
Breakthrough system schematic designed in our laboratory is shown in 
Figure 3.5. The adsorption column is about 15 cm long and 0.43-inch inner 
diameter stainless steel tube. The adsorption column is packed with 8.642 
grams of LiLSX material. Back-pressure regulator is used to regulate 
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pressure in the system. Inlet section consists of three valves connecting gas 
(Helium, Oxygen, Nitrogen) lines to the system using flow controllers (FC1, 
FC2, FC3). These flowmeters control inlet flow of individual gases therefore 
any inlet composition can be set. The absolute pressure at the inlet or outlet 
of the bed can be measured for pressure drop. In all experiments pressure 
drop was less than 10 torr and the pressure cited here are measured at 
outlet. Adsorption section includes a packed column connected parallel to a 
pressure transducer. After back-pressure regulator flow meter (FC4) measure 
outlet flow. The exit after FC4 is connected to mass spectrometer using 
sampling connection. The mass spectrometer is used to measure the column 
outlet composition. Thermocouples are embedded at top and bottom of the 
column to measure temperatures during experiments.  
3.3 Instrumentation and Technical Specifications 
 
I. Mass Spectrometer  
 
 A mass spectrometer produces charged particles (ions) from the 
chemical substances that are to be analyzed. Mass spectrometer uses electric 
and magnetic fields to measure the mass of the charged particles. These are 
used for all kinds of chemical analyses, ranging from environmental analysis 
to the analysis of petroleum products, trace metals and biological materials. 
There are many kinds of mass spectrometers, but all use magnetic 
and/or electric fields to exert forces on the charged particles produced from 
the chemicals to be analyzed. 
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Figure 3.5 Breakthrough System 
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Table 3-2 Symbol description 
 
A basic mass spectrometer consists of three parts:  
1. A source in which ions are produced from the chemical substances.  
2. An analyzer in which ions are separated according to their mass-to-
charge ratio.  
3. A detector which produces a signal from the separated ions.  
Mass spectrometer used in these experiments is manufactured by Hiden 
Analytical Limited (model: HPR20). Technical details are listed Table A.1 in 
Appendix I. 
Symbol Meaning 
 
Flow controller (MKS type M100B) 
 
Hand Valve (Swaglok SS-41GS2) 
 
Mass Spectrometer (HPR 200) 
 
Back Pressure Regulator 
 
Three-way Valve 
 
Pressure Transducer 
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II. Hiden QIC inlet capillary (Hiden Analytical, 2000)  
The gas inlet from the system to mass spectrometer is transferred 
using quartz glass inlet capillary that can be heated. The heated capillary 
prevents vapors from condensing during analysis of sampling gas. Technical 
specification for QIC inlet capillary is listed in Table A.2 in Appendix I .  
III. Omega Thermocouple Input Temperature Indicator (An Omega 
Technologies Company, 1999) 
 
 Omega thermocouple temperature indicator is attached to the all 
three thermocouples to display temperatures during the experiments.  The 
technical specifications are listed in Table A.3 in Appendix I.   
IV. Pressure Transducer (MKS Instruments, 2013) 
 
A pressure transducer, often called a pressure transmitter that 
converts pressure into an analog electrical signal. Experimental system used 
in this study is equipped with ‘MKS Baratron Type 722A Absolute Pressure 
Transducer’. Technical specifications for pressure transducer is listed in 
Table A.4 in Appendix I. 
V. MKS Digital Power Supply and Readout (MKS Instruments, 2011) 
 MKS Digital Readout (Type PDR2000) displays the pressure data 
acquired from MKS Pressure transducer. Techanical specification are listed 
in Table A.5 in Appendix I. 
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VI. Flow Controller (MKS Instruments, 2011) 
  
 ‘MKS type M100B Mass-Flo Controller’ accurately measures and 
control the mass flow rates of gases in experiments. The type M100B Mass-
Flo meter measures the flow rate of gases. These mass flow devices measure 
flow using a patented stacked disk bypass assembly in parallel with a sensor 
tube. Technical Specification for the MKS flow controller are listed in Table 
A.6 Appendix I. 
The M100B unit can interface to complementary MKS equipment (MKS type 
247 D Four- channel Readout) to display the reading and to provide the power, 
and set point command. The Technical specification for ‘MKS type 247 D 
Four-channel readout’ is listed in Table A.7 in Appendix I. 
VII. Back pressure controller 
 
The backpressure controller is used to maintain/control constant 
pressure in the system. In this study backpressure regulator is manufactured 
by porter Instrumentation, Technical specification are listed in Table A.8 in 
Appendix I. 
3.4 Column Packing 
 
Column packing is required for a breakthrough system to ensure that 
the amount of zeolite material packed inside the column must be known 
accurately as much as possible to determine the adsorption capacity of the 
column; since all calculations that use mass balances and processes designed 
are highly dependent on these values. The zeolite needs to be activated to 
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desorb molecules from the material or remove moisture content which may be 
present on the material. Column activation was performed in a furnace with 
20 SCCM helium flow at atmospheric pressure. The temperature is increased 
for about 1 ℃/minute until temperature reaches 120oC. This temperature is 
held constant for about 60 minute and again increased at 1 ℃/minute with 
the same rate until 350 ℃ and held constant for about 7 hours. The column 
was then cooled down under helium flow. Finally, it was quickly transferred 
to the breakthrough system. 
3.5 Experimental Design  
 
There are two main goals in this thesis to be accomplished using 
breakthrough experiments. The first main goal was to determine how the 
provided zeolite performed under a variety of operating conditions. These 
operating conditions include different velocities and adsorption pressures. 
The other goal was to determine experimentally what limiting step for mass 
transfer at different conditions. Several experiments were run as sets to 
investigate how different factors affected the performance of the process. 
Experiments performed using breakthrough system at different pressure and 
flowrates are listed in appendix II with calculated value of mass transfer 
zone length. 
3.5.1 Process Control, and Data Collection  
 
The hand valves allow the flow to be directed in the system manually 
and industrial back pressure controller placed in the system controls the 
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pressure. The flow rate of gases in the system is controlled and measured by 
three MKS Mass Flow Controllers/Mass Flow Meters that are located at inlet 
section. The gases used in this thesis are nitrogen, oxygen and helium, which 
were all stored in compressed gas cylinders. The most meaningful 
temperature data in a process comes from the zeolite surface, but this is 
extremely difficult to measure accurately. This is the reason temperature in 
this system was measured at three different locations on the column.  Two 
thermocouples are attached at both ends of the column. Third thermocouple 
is attached near column to measure the ambient temperature. The 
temperature read from the thermocouples is displayed by a digital readout. 
Collection of the data from the pressure transducers, flow controllers 
and thermocouples was displayed on a computer using Lab Windows 
79 software. Mass spectrometer is also operated by same computer, data 
stored and exported to Microsoft excel file for further processing and analysis. 
3.5.2 Preliminary Measurements 
 
Flow meters are essential for controlling inlet flow of each component 
in the mixture which is necessary for the material balance. Consistency in 
flow rates and equipment reliability are two important factors that effects 
experimental data. Hence, it is important to calibrate flow meters before 
performing actual experiments for the calculations to be accurate. In this 
study flow calibration is done by using a soap film bubble meter (Skoog, 
2004). Bubble meter is connected to exit of the system. 
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  An amount of gas is allowed to flow as feed flow is set using a flow 
meter. While the gas is continuously flowing through the system and exiting 
through bubble meter, rubber bulb is squeezed repeatedly at the base of the 
glass bubble meter tube until the flat soap bubble (film) enters the tube and 
rises in the column. Several bubbles are introduced into the tube to wet the 
interior so that soap film successfully travels the entire length of the tube. 
The soap film is observed carefully as it passes through volume lines marked 
on the glass tube. The time taken by a single bubble soap film to travel from 
one volume line to another is determined using a stopwatch. This travel time, 
together with the volume delineated on the tube, represents the flow rate 
given below: 𝐹𝑙𝑜𝑤	𝑟𝑎𝑡𝑒 = ªGIC*D	8C88ID	FwH«DI7	(qq)m+*D	+F	FGG\	FG	FwH«DI	(7Dq.)   (3.2) 
 Using flowmeter to adjust the flow, the flow rate was increased or decreased 
until it approximates the intended flow rate as specified in the sampling 
method. Several measurements and adjustments were done until the desired 
flow rate is achieved. Once the desired flow rate has been achieved, the flow 
rate was measured at least three more times using the same procedure.  
The average of the results was taken and this value is recorded as the pre-
sample flow rate and accordingly calibration factor was determined for flow 
meters. 
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3.5.3 Breakthrough experiments  
 
For this lab scale breakthrough system, certain method was devised for 
startup and shutdown process. Start up and experimental method are 
explained below.  
• The gas cylinder’s pressure was adjusted to 40 psi using bleed valve, and is kept 
at left position to bleed down pressure. 
•  MKS flow meters were adjusted to zero point as their zero-point tended to float 
overnight.  
• Helium gas flush flow is established throughout the system including column 
before actual experiments to bring system uniform throughout. Also, helium gas 
pushes out or removes any adsorbate impurities left from previous experiments. 
• Turbo pump which is located inside mass spectrometer is turned on using turbo 
pump interface unit and the pump is allowed to reach full operating speed before 
analyzing gas sample. This usually takes 15 to 30 minutes. 
• Next, the cold cathode gauge is switched on and ensured that it reads less than 10-
4 torr. If a cold cathode gauge is not fitted it is left for 15 to 30 minutes after turbo 
operating pump has been reached its full operating speed. Mass spectrometer 
interface unit is directly connected to a computer and displays data using MASoft 
software. 
• Once the mass spectrometer is up and running, it is ready to analyze the gas 
sample. First, by turning off bypass connection and opening the column section 
allows helium to flow into the column and the exit gas is analyzed by mass 
spectrometer to make sure no other gas is present in the column. 
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• Now, system pressure is adjusted using the back-pressure controller. While 
helium gas is flowing through the system. the column bypass connection is 
opened to maintain the same pressure throughout the system to ensure not to have 
a shock wave inside the column after pressure is adjusted. 
• Once, the pressure is adjusted to a desired value, the column is isolated by closing 
inlet and outlet valves simultaneously, while column bypass connection remains 
open. This operation needs to be performed rapidly. 
• Now, the column is ready to perform adsorption experiments. By using the bypass 
connection, the inlet flows of helium and nitrogen are adjusted. Inlet composition 
are set to 75% nitrogen and 25% helium for all experiments. 
• The pressure and feed flow rates are adjusted to desired values. File recording is 
started on LabWindow and MASsoftware. Accordingly, file names given are 
listed in lab notebook. This is necessary because correct data files from these 
software’s are necessary for further evaluation. 
• Breakthrough experiment start when the column is opened allowing gas mixture 
to flow through the material. As the mixture passed through the column, nitrogen 
starts adsorbing on the solid material and the exit flow will be pure helium. After 
breakthrough occurs, as column saturates with nitrogen and outlet flow starts 
increasing primarily with nitrogen flow and finally reaches feed flow amount for 
both nitrogen and helium. This entire process monitored using MASsoft software 
which display the data from the mass spectrometer at every 300 milliseconds. 
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• Mixture is allowed to pass through the column for sufficient time to ensure the 
column is fully used to its capacity and all measurements return back to pre-
breakthrough values. 
• Once, the breakthrough experiment was performed, it is necessary to desorb 
nitrogen from the solid material.  Hence, column is isolated using bypass 
connection and nitrogen gas feed flow is turned off. 
• After the breakthrough experiment, the column was regenerated by desorbing 
nitrogen molecules from the material by switching the feed to pure helium flow of 
200 SCCM at the same pressure as of adsorption. The bed was held under the 
stream of helium for sufficient time to ensure all residual of nitrogen has been 
purged from bed. Desorption data is not useful for experimental purpose, still it 
was monitored to ensure that the column is completely desorbed. 
3.6 System Shut down 
 
Once the experiments are done, the column is desorbed before isolating 
from the system by using bypass valve and turning off column section. 
Nitrogen flow is turned off using a FC-2 valve. While helium is running 
through the system, it is ensured that mass spectrometer interface unit is 
switched off and the cold cathode gauge and turbo interface unit in gas 
analysis system are turned off completely. Turbo pump is allowed to vent out 
which usually takes around 10 minutes. Once mass spectrometer is 
completely shut down, helium flow is cut down by closing FC-1 valve. All 
other valves are closed as well and gas cylinders connected to the system are 
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closed.  The exit valve closed at the end to prevent any contamination by back 
diffusion from adsorbent. 
3.7 Experimental Measuring of Breakthrough Curve 
 
At the beginning of the experiment, the exit flow meter and mass 
spectrometer starts recording data i.e., at time t=0 and the mixture is 
introduced into the column packed with fresh adsorbent. The nitrogen 
breakthrough is measured at exit by FC-4 flow controller at every second and 
by Hiden Analytics mass spectrometer at every 300 milliseconds. The general 
nitrogen breakthrough curve obtained from experiments is shown in Figure 
3.6.  
 
 
Figure 3.6 Experimental breakthrough curve 300 SCCM 
  
In Figure 3.6, it is worth noting that nitrogen composition starts 
decreasing i.e., adsorbent is adsorbing all nitrogen until it is completely 
saturated and start increasing at breakpoint, later reaches feed composition. 
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Therefore, it represents that more nitrogen cannot be adsorbed by the solid 
material i.e., bed is completely saturated. 
Mass transfer zone length calculated from breakthrough experiments 
provide understanding of kinematic behavior for the adsorption mechanism 
inside the column. These experiments intend to study the effect of internal 
and external diffusional resistances. The mass transfer zone length is used in 
determination of dominant factor that control the mass transfer. 
Mass transfer zone length calculated from breakthrough curve is 
between 5% to 90% feed composition for this study. Once the breakthrough 
curve reach 90% feed composition it shows negligible change calculation of 
mass transfer zone. 
3.8 Data Analysis 
The gas mixture was passed through the column for sufficient time to 
ensure that the adsorption bed reached saturation to give a complete 
breakthrough curve. The experiments were performed at different pressures 
confined to range of back pressure controller in our lab, experiments were 
limited to 3700 torr of active pressure of nitrogen or 5000 torr of system 
pressure. 
 
Breakthrough experiments were monitored using LabVIEW software. 
Change in inlet, outlet flows, pressure and temperature measured by 
LabVIEW software at every second while gas adsorption is occurring in 
column. The other set of data is collected by mass spectrometer. The exit gas 
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stream is passing to mass spectrometer by capillary connection. The mass 
spectrometer is operated and data collected through MASsoft software at 
every 300 milliseconds. Labview and MASsoft both operate independently 
and connected to different set of instruments. As these software runs 
independently, the data needs to be time synchronized before using it 
simultaneously. Data collected through this software were combined and 
then it is ready to analyze inlet, outlet flow rates and mass equilibrium using 
breakthrough curve obtained by integrating data from the time synchronized 
file. The wave velocity is calculated using breakthrough curve, which 
ultimately helps in determining length of the mass transfer zone (Rodrigues, 
2012).  
3.8.1 Data Integration and bed capacity 
 
The bed length is important parameter in designing adsorber. The 
total length of the bed divide into two section as, 1) fraction of used bed and 
2) fraction of unused bed.  
The capacity of the bed can be calculated from breakthrough curve. 
The breakthrough curve given in Figure 3.7 integrate with time as infinity, 
provide time required for bed to fully utilized. 𝑡FGFHI = 1 − qq¬ 𝑑𝑡4h    (3.3) 
Where, 𝑡FGFHI is time equivalent to total capacity, c is gas concentration at 
time t and 𝑐h is feed composition. 
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To stop the operation before column breakthrough Equation (3.1) 
integrate up to breakpoint, which provide total used area in Figure 3.6 𝑡C7D9 = 1 − qq¬ 𝑑𝑡FQh    (3.4) 
total used and unused fraction of the bed can be found using Equation (3.3) 
and Equation (3.4). The total length of the bed can be found by adding used 
and unused length. 𝐿C7D9 = 𝐿FGFHI F­P®UF¯°¯±²                 (3.5) 𝐿CEC7D9 = 𝐿FGFHI 1 − F­P®UF¯°¯±²     (3.6) 
 
Figure 3.7 Breakthrough curve (Wankat P.C., 1990) 
 
3.8.2 Mass Transfer Zone Calculation 
 
The mass transfer zone (MTZ) is region where concentration is 
changing and thus the mass transfer is occurring. Constant pattern 
assumption allows to calculate mass transfer zone time from breakthrough 
curve.  
The MTZ is measured from the concentration of 0.05 CF to 0.90 CF. 
This data is used to determine the length of mass transfer zone inside the 
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column. It is assumed that mass transfer zone moving is at constant shock 
wave velocity u. Shock wave velocity can be found experimentally from 
breakthrough experiment. Then, the length of the mass transfer zone 
calculated from following Equation (3.7). 𝐿*FJ = 𝑢 ∗ 𝑡*FJ   (3.7) 
 Shockwave velocity 𝑢 determined experimentally using breakthrough 
curve from Equation (3.8) 𝑢 = Fv®³¯®´                 (3.8) 
where 𝑡qDEFDw is stoichiometric center of wave. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  53 
 
CHAPTER IV 
Results and Analysis 
 
 
 
This section discusses the results obtained from breakthrough experiments. The mass 
transfer zone (MTZ) curve was calculated from breakthrough curve and further analyzed 
in order to determine mass transfer control mechanism for small particles.  The results 
summarized in tables and graphs are provided to support the arguments for axial 
dispersion being the limiting mass transfer mechanism in small particles. Later, the 
uncertainty analysis is discussed to check accuracy of the results. 
 
4.1 Length of Mass Transfer Zone vs Reynolds number 
 
MTZ length is calculated from breakthrough analysis using length of mass 
transfer zone approach by assuming a constant pattern concentration profile. Mass 
transfer zone length is plotted against particle Reynolds number at two different pressures 
in Figure 4.1. Square points are length of MTZ at 200 KPa and diamond points are at 333 
KPa. These data points were checked for uncertainties to validate the results. 
 The experimental mass transfer zone length curve is passing through a minimum as 
preceded by van Deemter model graph illustrated in Figure 2.5. The minimum occurs  
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Figure 4.1 MTZ length Vs. Particles Reynolds number 
around particle Reynolds number of 5 for the small (i.e. 0.5mm) particles. 
Processes using large particles usually operate at higher Reynolds numbers at 
least above 20, usually in the linear portion of van Deemter plot, where the mass transfer 
is significantly controlled by intra particles diffusional resistances. Small particles allow 
to operate at low velocity with rapid cycle time, hence it is important to determine 
contribution of axial dispersion in the process.  
4.2 MTZ Length vs Superficial Velocity 
 
The MTZ length measured at two different pressures is shown in Figure 4.2 
against the inlet superficial velocity.  Since the van Deemter model is a function of 
superficial velocity, curve fitting was performed using the data as a function of velocity 
rather than Reynolds number.  
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Figure 4.2 Experimental data with model curve 
 
In Figure 4.2, the solid lines represent least square regression fit for van Deemter 
model. The mass transfer zone length curve decrease initially and then start increasing 
with the velocity. The shallow minimum region is due to contribution of all three terms in 
the van Deemter equation. In curved region at low velocity, all three terms cause mass 
transfer zone spreading. If mass transfer is controlled by intra particle diffusional 
resistances only, the minimum supposed to be at much lower velocity. The minimum 
curved region for small particles is shift around 4-6 cm/s. These velocities are useful in 
rapid PSA adsorption processes.  
A, B and C coefficients in Section 2.6 were calculated from van Deemter model 
fit of experimental data. Further 𝛾" , 𝛾% and particle mass transfer coefficient found from 
van Deemter model coefficient. The  𝛾" and 𝛾% designate the significance of axial 
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dispersion. The values of 𝛾" and 𝛾% are higher than typical estimations from large 
particles.   However, they are in the range suggested for small highly adsorbing particles 
(S.S Laddha, 1976). The values of 𝛾", 𝛾% and tortuosity factor are summarized in Table 4-
2. 
The tortuosity factor is estimated from pore distribution and if transport occurs 
through molecular diffusion alone, the tortuosity factor can be defined by Equation (4.2). 
                                                   𝜏 = bcb_                                                        (4.2) 
where, 𝐷* is molecular diffusivity and 𝐷@ is pore diffusivity. Typical range of tortuosity 
factor in between 2 and 6 (Motoyuki Suzuki, 1971). It is calculated from C term in van 
Deemter model and the value obtained from experimental results is 4.9 shown in Table 4.2.  
 𝛾" depends on adsorbate-adsorbent interaction mechanism, it is calculated from 
the B term of the van Deemter model.  The value given in Table 4-2 is much higher than 
typical values of  𝛾" estimated using large particles, for highly adsorbing particles it has 
been suggested to be as high as 50 (Funazkri, 1978).   Thus, a value of 13 is not 
unreasonable despite it being larger than typical estimations.  For larger particles, 
estimation of γ1 is not as critical because processes tend to only operate in the turbulent 
regime (Re > 10).  However, for small particles, processes may operate in the transition 
regime (2<Re<10) where the estimation of γ1 is more important. Considering the 
regressed value of 13 is an order of magnitude higher than typical estimates of 0.7, this is 
a significant finding. 
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 Constants using van Deemter model Correlation Values 
γ
1
 13 0.7 – 50   
γ
2
 9 0.5 – 20    
τ = bcb_   4.9 2-6 
Table 4-1 Calculated values using A, B and C parameter 
 𝛾% is inverse of limiting Peclet number. Large particles processes operate in high 
velocities range (J.F.Richardson, 1968). The value of limiting Peclet number approaches 
a constant value of 2 at high velocities is illustrated in Figure 2.3. Small particles used in 
this study is operating around transitional regime. The limiting Peclet number for small 
particles reaches much smaller maximum value then typical large particles and 𝛾% 
approaches high value than expected from large particles processes.  
Most of the literature data (D.R. Garg, 1975) ignores the effect of axial dispersion in the 
analysis of mass transfer coefficient assuming intra particle diffusional resistances 
dominant the processes. The dispersion coefficient at low velocity is approximated from 
Equation (2.13) using 𝛾" and 𝛾% obtained from experimental data.  
To explain axial dispersion effects on mass transfer zone length, Figure 4.3 
illustrate the van Deemter model using experimental and literature values of 𝛾" and 𝛾%. 
Dashed line is constructed using experimentally obtained 𝛾"and 𝛾% parameters. The solid 
line is constructed using 0.7 and 0.5 as 𝛾" and 𝛾%. It is worth noticing that using 0.7 and 
0.5 as 𝛾" and 𝛾% severally under estimate mass transfer zone length by approximately 
factor of 2. Hence, it is essential to predict correct value of  𝛾" and 𝛾% while designing 
process model for small particles. 
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Figure 4.3 van Deemter model for small particle using 
different γ1 and γ2 values 
 
4.3 Uncertainty Analysis 
 
In order to confirm the experimental data, uncertainty analysis was performed.  
mass transfer zone length was calculated from breakthrough curves using Equation (3.7). 
Most   of the experimental uncertainty occurs at higher velocity experiments where less 
data points are collected inside the MTZ length.  This make estimating the MTZ length 
more difficult, which leads to greater uncertainty.  
It is often difficult to measure when breakthrough starts and ends, so starting point 
were assumed at 5% feed composition and ending point at 90% feed composition. Since, 
this is non-linear system, S-shaped constant pattern was assumed for the breakthrough 
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curve. The uncertainty depends on how closely data points were captured by mass 
spectrometer at the beginning and ending of breakthrough curve. Figure 4.4 is 
breakthrough curve at 1500 SCCM, at the beginning of the breakthrough curve two data 
points were captured, 0.7 % and 14 % composition so predicting exact location of 5% 
composition on curve is difficult. To develop the S-shape curve, worst case scenario was 
assumed. Two horizontal black lines were drawn to show window between experimental 
points where 5% or 90% of feed composition occurs.  
 
Figure 4.4 Breakthrough curve at 1500 SCCM showing upper 
and lower uncertainty bound 
 
Two dotted points is shown in Figure 4.5 shows cases for fully develop constant 
S-shape passing through 5% composition. Average between those developed patterns 
were taken in consideration as starting point of breakthrough curve. On the top side, 
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another worst-case scenario was assumed to generate constant S-shaped curve ending at 
90%. The average of two cases were taken as ending point of breakthrough curve.  
 
 
 
Figure 4.5 Lower bound of breakthrough curve at 1500 SCCM 
 
 
Figure 4.6 upper bound of breakthrough curve 
At low velocities (up to 600 SCCM), mass spectrometer captures enough data 
points around upper and lower regions of the breakthrough curve to determine mass 
transfer zone length, it is shown in Figure 4.7. 
The data points shown in Figure 4.7 are between 5% and 90% feed composition 
for breakthrough curve. More number of data points around the starting and ending 
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regions of breakthrough curve provides better prediction of S-shaped breakthrough curve 
with more confidence. 
 
 
Figure 4.7 Breakthrough curve at 200 SCCM with uncertainty 
bound 
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CHAPTER V 
CONCLUSION 
 
Breakthrough experiments were used to determine the mass transfer 
zone length for small adsorbent particles at different flow and pressure.  
The column was 15 cm packed with 0.5 mm diameter Li-X zeolite 
particles. The experiments are performed at different velocities from 200 to 
1800 SCCM to determine if there is a difference in the mass transfer 
mechanism compared to large particles (dp >1.5 mm). Processes using large 
particles are typically controlled by intra particle diffusional resistance. The 
key difference found in this study is the higher contribution of external 
molecular transport (axial dispersion) while using small particles. 
The mass transfer zone length curve for small particles and large 
particles shows visible difference. The shallow minimum for small particles 
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shift right around transitional regime, while shallow minimum for large 
particles is at unpractically low velocity region. Hence, traditional process 
models consider intra particle diffusional resistance as the limiting factor 
while axial dispersion has much smaller effect on process. It is essential to 
determine process model that account for external and internal molecular 
transport while operating in transitional regime.  
van Deemter model was used to estimate the contribution of intra 
particles resistances and axial dispersion. 𝛾" and 𝛾% parameters obtained 
experimentally are 13 and 9, which are significantly larger than typical value 
of 0.7 and 0.5 respectively. The final outcomes suggest axial dispersion effects 
are significantly high in small particles at low and high velocity. This would 
require axial dispersion effects to be properly accounted for when designing 
process model for small particles.   
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FUTURE WORK 
 
 
There is many aspect future study could go to support the claim made 
in this thesis. One major area would be to perform more experiment at higher 
pressure to evaluate pressure effects on mass transfer zone length curve. 
Also, current setting allows to capture data up to 1800 SCCM, more 
data at a higher velocity is required to extend the mass transfer zone length 
graph. This will require some modification in the system. Particularly, this 
would require new flow controller for feed gases that can measure larger flow 
rates. 
Moreover, van Deemter is a simple model and useful as a starting 
point of this analysis. However, different model can provide better estimation 
of axial dispersion. 
Finally, this study is performed using helium-nitrogen gaseous system. 
Helium is much lighter than nitrogen and oxygen, which may affect its 
applicability to air separation processes. Hence, more experiments need to be 
performed using oxygen-nitrogen system.  
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APPENDIX A 
TECHNICAL DATA FOR EQUIPMENTS USED IN 
BREAKTHROUGH EXPERIMENTS 
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Table A.1 Mass Spectrometer 
 
Technical Specification (Hiden Analytical, 2000) 
Voltage 110 or 230 V a.c (~). 
Frequency  50 to 60 Hz. 
Power 200 VA typical. 
Main fuse 20 mm HRC, 6.3 A T, 250 V 
(standard). 
Pollution degree 2. 
Operating temperature range  5 to 40 °C. 
Storage temperature range  0 to 50 °C. 
Caution Ensure that the pressure indicated 
by the cold cathode gauge is less 
than 1×	10r¶ Torr before operating 
the mass spectrometer; failure to do 
this may damage the instrument. 
Series 1000 RF (Radio Frequency) Generator Unit and MSUI (Hiden 
Analytical) 
Voltage 110 or 240 V a.c (~). 
Frequency  50 to 60 Hz. 
Power 450 VA typical. 
Main fuse 20 mm HRC, 6.3 A T, 250 V 
(standard). 
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Pollution degree 2. 
Operating temperature range  5 to 40 °C. 
Mass Spectrometer Interface Unit (MSIU) 
Voltage 110 to 230 V a.c. (~). 
Frequency  50 to 60 Hz. 
Power 200 VA maximum. 
Mains fuse 20 mm HRC, 6.3 A T, 250 V. 
 
 
Table A.2 Hiden QIC Inlet Capillary 
 
Technical Specification 
Power Supply -2 meter; 16 V a.c 2.9 A total from 
capillary temperature controller.  
-0.9 meter; 8 V a.c 3 A total from 
capillary temperature controller. 
Molecular leak and sample bypass 
heater  
-2 meter: integral 16 W cartridge 
heater. 
-0.9 meter; Integral 10 W cartridge 
heater. 
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Table A.3 Omega Thermocouple Input Temperature Indicator 
 
Model Temperature 
Range 
Accuracy  Resolution Ambient 
Temp. 
Compensation 
DP18-JC -50 to 600 °C ± 0.5 %  1°C 0 to + 50 °C 
 
 
Technical Specification 
Display 3 "% digits, 7 Segment, red LED. 
Height 0.56”. 
Symbols ± 1.8.8.8. 
Decimal Points Selected by jumpers. 
Over range indication  Display Flashes. 
Standard power 115 Vac. ± 10%, 50/60 Hz. 
Operating Temperature 0 to 50 °C. 
Weight 0.68 lb. 
Case Material ABS, DIN 43700 black color  
Signal Integration period 80 ms. 
Read rate 3.12 / sec. 
 
 
Table A.4 Baratron Pressure Transducer Technical  
 
Technical Specifications 
Accuracy  0.5 % of Reading. 
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Ambient operating temperature 
range  
0 to 50 °C. 
Burst Pressure  10-time full scale or 100 PSI, 
whichever is greater.  
Full scale pressure range  1 to 25,000 torr. 
Overpressure limit 45 psi or 2-time full scale, whichever 
is greater.  
 
 
Table A.5 MKS Power Supply and Read Out 
 
Technical Specifications 
Display Type 4 digits (9999) red LED 
Display range  0.01 mtorr to 10 ktorr 
output Analog Continuous 0-5 VDC output. 
Digital  RS-232 (9600 baud, 8 data bits, no 
parity, stop bit). 
Output power ± 15 VDC @ 750 mA. 
Operating pressure range   +2 to 50 °C. 
Operating voltage  Universal output, 100-240 VAC. 
Weight 1 lb. 
 
 
Table A.6 MKS Flow Controller 
 
Technical Specifications 
Input Voltage/ Current required 
Maximum at star up (first 5 sec.) 
    Typical at steady state 
 
 ± 15 VDC (±10%) @ 200mA. 
 ± 15 VDC (±10%) @ 100mA.  
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Output impedance  < 10 ohm. 
Output signal/ Minimum load 0 to 5 VDC into > 10K ohm. 
Internal surface area (500 sccm unit) 7.7 in2  
Internal volume (500 sccm unit) 0.27 in3 
Leak 
Integrity 
External (scc/sec He) < 1×10r¸ 
Through closed valve < 1.0% F.S @ 40 psi. 
Weight ≤ 1.9	𝑙𝑏𝑠. 
 
 
Table A.7 MKS type 247 D Four- channel Readout 
 
Technical Specification 
Display accuracy  ±0.1 % ± 1 digit. 
Flow display  3 "% digits display (+1.999 maximum). 
MFC Capacity  4; 1 MFC per channel, sequentially 
selectable  
Operating temperature  15 °C to 40 °C. 
Power consumption 19 VA @ 115 VAC 60 Hz with no 
MFCs attached. 
Additional 15 VA for start-up and 10 
VA operational for each MFC 
attached. 
Power requirement: 115 VAC setting 100 to 120 VAC nominal, 50/60 Hz. 
  75 
Power supply output capacity  ± 15 VDC @ 1 A. 
Set point adjust (each channel) 0.1 to 100% full scale (flow). 
 
 
Table A.8 Back Pressure Controller 
 
Technical Specification (Porter Instrument Company, Inc.) 
Rating  0-100 psig. 
Maximum operating temperature 160 °F. 
Connections 1/8" compression fittings, inlet, 
outlet, gauge. 
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APPENDIX-B 
 
BREAKTHROUGH EXPERIMENTAL DATA 
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int-169 150 50 200 3333 0.95 0.12 0.05 0.90 1.73 
int-171 300 100 400 3333 1.89 0.22 0.05 0.90 1.39 
int-173 600 200 800 3333 3.79 0.45 0.08 0.91 1.12 
INT-175 1200 400 1600 3333 7.57 0.93 0.05 0.90 1.10 
int-179 450 150 600 3333 2.84 0.33 0.05 0.90 1.22 
int-181 675 225 900 3333 4.26 0.51 0.05 0.90 0.99 
int-183 900 300 1200 3333 5.68 0.69 0.05 0.90 1.03 
int-185 1200 400 1600 3333 7.57 0.93 0.05 0.90 1.08 
int-187 750 250 1000 3333 4.73 0.58 0.08 0.90 1.04 
int-189 1050 350 1400 3333 6.63 0.80 0.05 0.90 1.05 
Int-235 1500 500 2000 3333 9.47 1.16 0.05 0.90 1.21 
int-199 1200 400 1600 2000 7.57 1.19 0.05 0.90 1.16 
int-231 225 75 300 2000 1.42 0.21 0.08 0.90 1.61 
int-195 450 150 600 2000 2.84 0.44 0.05 0.90 1.02 
int-197 750 250 1000 2000 4.73 0.75 0.05 0.90 0.97 
int-201 300 100 400 2000 1.89 0.29 0.12 0.90 1.31 
int-203 600 200 800 2000 3.79 0.59 0.05 0.90 1.02 
int-205 900 300 1200 2000 5.68 0.88 0.05 0.90 1.04 
int-207 1050 350 1400 2000 6.63 1.04 0.05 0.90 1.09 
int-209 1125 375 1500 2000 7.10 1.18 0.05 0.90 1.12 
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int-211 150 50 200 4933 0.95 0.08 0.05 0.90 1.22 
int-213 300 100 400 4933 1.89 0.17 0.05 0.90 1.23 
int-215 600 200 800 4933 3.79 0.35 0.05 0.90 1.02 
int-217 1050 350 1400 4933 6.63 0.67 0.05 0.90 1.08 
int-219 1125 375 1500 4933 7.10 0.72 0.05 0.90 1.01 
int-223 750 250 1000 4933 4.58 0.47 0.05 0.90 1.13 
int-225 900 300 1200 4933 5.68 0.55 0.05 0.90 1.03 
int-227 1500 500 2000 4933 9.47 0.95 0.05 0.90 1.08 
int-229 300 100 400 2000 1.89 0.29 0.05 0.90 1.33 
int-235 1500 500 2000 3333 9.47 1.16 0.05 0.90 1.21 
int-193 150 50 200 2000 0.95 0.14 0.06 0.90 1.42 
int-237 1500 500 2000 3333 9.47 1.14 0.05 0.91 1.04 
int-238 1500 500 2000 3333 9.47 1.21 0.05 0.90 1.20 
int-239 1350 450 1800 3333 8.52 1.08 0.05 0.90 1.07 
int-240 150 50 200 3333 0.95 0.11 0.05 0.90 1.44 
 
  
•  𝑅𝑒S = C9_« 	   u = superficial Velocity 𝑑@ = particle diameter 𝑣 = kinematic viscosity   
 
 
